Ferroelectric materials such as LiNbO3 and LiTaO3 offer many potential advantages over silicon for MEMS structures and selfactuating miniature devices. These materials possess numerous useful intrinsic properties such as piezoelectricity, pyroelectric and electro-optic coefficients, enabling the construction of micron-scale cantilevers, membranes, tips and switches. So far however, reliable and accurate methods for machining and microstructuring LiNbO3 single crystals have been lacking. We have recently been exploring several such methods, which are sensitive to ferroelectric domain orientation. A sample that has been domain-engineered shows a large difference in etch characteristics: the +z face does not etch at all, whereas the -z face etches normally. Microstructured devices can be fabricated therefore, via spatially selective domain poling followed by etching. The extreme sensitivity of the etch process to domain orientation has enabled us to fabricate ridge waveguides for electro-optic modulator applications, alignment grooves for efficient fibre-pigtailing to LiNbO3 modulators, and microcantilevers using a novel technique of contact bonding of dissimilar ferroelectric hosts.
INTRODUCTION
MEMS is almost exclusively associated with silicon, the material that underpins the microelectronics revolution that continues to produce ever smaller electronic components, and increasingly sophisticated micro-systems technological devices. It is cheap, readily available, can be processed by many well-established techniques such as photolithography, wet etching, deposition, metallization and implantation, and numerous identical devices can be produced simultaneously on a single silicon wafer. Furthermore, the use of sacrificial layers, undercutting, anisotropic etching, self-assembly and an army of other sophisticated and important techniques, particularly when coupled with the inherent electronic integration capabilities of silicon, would seem to make unnecessary the search for other host materials for MEMS technology.
LiNbO3, is a ferroelectric material ', and, in contrast to silicon, possesses a range of linear and nonlinear properties that yield numerous potential benefits in the context of MEMS actuation and device application. It is piezoelectric, and consequently generates an electric field when strain is applied across a crystal thickness: it also possesses the converse property that a stress is developed when an electric field is applied. Piezoelectnc materials are used extensively for micro-positioning applications in devices such as translation stages, atomic force and scanning probe microscopes, and optical fibre alignment, and have an inherent resolution at the atomic level. Additionally, LiNbO3 is a non-centrosymmetric crystal, and hence possesses nonlinear optical and electro-optical coefficients. The latter properties make it particularly useful for applications in which either electric fields can be applied to change the material refractive indices for modulator and polarisation control applications, or conversely, for electro-optic sensing, in which electric field induced refractive index changes are analysed to yield detailed information on the strength and direction of nearby electric fields. Finally, but of less relevance to this discussion, LiNbO3 is also pyroelectric, and photorefractive, adding yet more possibilities to the use ofthis material in MEMS based applications.
The aim of this paper is to outline the progress we have made so far in imposing .tm scale structures in LiNbO3, and to illustrate the potential we believe should be further explored, by showing examples of the ridge waveguides, alignment grooves, and micro-cantilevers that we are able to fabricate, through manipulation of the ferroelectric domain structure of the material, followed by domain-selective wet etching. We are currently at the stage of knowing how to perform many of the process steps, and are working towards a device that will best illustrate the utility of this material for MEMS application. We would finally note that LiNbO3 can also be doped with ions such as Nd and Er, which can be pumped and provide gain for laser or amplifier use, thereby further opening up the possibilities for use in active MOEMS devices.
PROPERTIES OF LITHIUM NIOBATE.
LiNbO3 is a negative uniaxial crystal , which, in its undoped state, is transparent from around 350nm to beyond 5tm. It possesses a distorted perovskite structure at room temperature, which displays a mirror symmetry across three planes that are 600 apart, and intersect, forming a rotation axis about which it has a three-fold rotation symmetry, classifying it within the 3m point group. The structure consists ofplanar sheets ofoxygen atoms, in a distorted hexagonal close-packed arrangement. These form octahedral interstices that are occupied one third by niobium atoms, and one third by lithium atoms. The remaining third of the sites is vacant. At room temperature, LiNb03 is ferroelectric, and exists in one of two stable domain orientations, in the absence of an applied electric field.
The properties of ferroelectncs in general, and LiNbO3 in particular, are not isotropic, and the definitions ofthe crystal axes are therefore very important. The c axis is defined as the axis about which three-fold symmetry is exhibited. The ferroelectric dipole axis is aligned with the c axis, resulting in a +c face and -c face, both of which are normal to the c axis. The +c face is defined as the one that becomes negative upon compression: in other words it is the positive end of the dipole. Once the crystallographic axes have been fixed the coordinate system used to describe the physical properties of lithium niobate can be defined. This is a Cartesian x,y,z system, unlike the crystallographic one which is hexagonal or rhombohedral. Conventionally the z axis is chosen to be parallel to the c axis, while the x axis is chosen to be parallel to one ofthe equivalenta axes'. The y axis is then chosen so that a right handed system is formed, resulting in the y axis lying in one of the planes of mirror symmetry.
Ferroelectric crystals are characterised by displaying two or more states of different polarity (in the absence of an applied field), but if an external field of sufficient magnitude is applied, then switching is possible between these states. In general a ferroelectric crystal will not have the same polarisation orientation throughout, hence reducing the net polansation. Each region of uniform polarisation is called a domain, and the distribution of domains in the crystal is referred to as the domain structure of the crystal. The polarisation of a ferroelectric decreases as it is heated. At a certain temperature, the Curie temperature, the crystal undergoes a phase change from a ferroelectric phase to a paraelectric phase. In the paraelectric phase the Nb ions are in centrosymmetric positions within the octahedral interstices, while the Li ions are equally likely to be found above or below the oxygen triangles 2 In the ferroelectric phase the niobium ions are displaced from their centro-symmetric positions and the lithium ions are located on the same side of the oxygen triangles, such that the dipoles formed line up within a domain. Only two anti-parallel polarisation states exist in lithium niobate because the positive ions are only displaced along the z axis.
The domain structure of a ferroelectric crystal may be changed (a process referred to as poling) by the application of a suitable electric field, which if large enough can produce domain (and therefore polarisation) inversion. The minimum field required to do this is called the coercive field, which is a function of temperature. For LiNbO3 for example, the field, even at room temperature, is high: 22kVmm' is required to produce domain inversion. This should be contrasted with the field required just below the Curie temperature, which is typically only -lVcm' ,. Figure 1 illustrates the technique adopted for spatially selective domain inversion. Samples of LiNbO3 had typical dimensions of 15mm x 15mm and were either 3OOim or 5OOtm thick. All material was supplied by Koto Electric (Japan) in the form of z cut, 76mm diameter wafers, which were then cut to size in house. The -z face was marked to show the y direction. All samples were subjected to a sequential multiple solvent cleaning process using ultrasonic agitation at 500C. The samples were then dried with compressed air. Photoresist was spin coated onto the -z face, producing a 1.1 .tm thick film. The samples were finally baked at 90°C for 30 minutes. The photoresist was patterned using a Karl Suss MA4 mask aligner and chrome on fused silica masks.
Domain manipulation
The poling is carried out by the application of a voltage pulse across the sample. The current flowing during poling is controlled so as to switch a predetermined area of the crystal. Typical pulse parameters are 1 1kV, 5Oms at currents of 5OOiA. Before poling, the lithium niobate wafers were all oriented single domain samples. After poling, samples had areas of induced domain reversal, as is illustrated schematically in figure The etchant consisted of HF and HNO3 acids in a 1 :2 ratio, where the HF was a 48% solution and the nitric acid was a 78% solution. This attacks the negative z face (-z) at a rate that is appreciably higher than the positive z face (+z). Additionally, defect sites in the crystal lattice may also experience higher etching rates. The etchant was stirred constantly using a magnetic stirrer with an integral hotplate. The temperature ofthe hotplate was kept constant and the etchant allowed to reach equilibrium temperature before initiating the etch process. Figure 2 shows the results of etch rate obtained as a function of etch temperature. The mechanism by which etching proceeds faster at elevated temperatures can be considered from two perspectives. Firstly such etching processes are expected to follow the normal Arrhenius law, (rate proportional to AeRT which would yield an exponential increase in etch rate. Secondly however, there is another factor which might influence temperature dependent etch rates. Poling acts to displace both Li and Nbo+ ions relative to the oxygen ions in the lattice. As this displacement is the key Figure 2 ln (etch-rate) vs. temperatur&', confirming Arrhenius type relationship between rate and temperature.
Temperature (K1)
indicator of domain polarity, the exact positions of these ions must play an extremely important role in subsequent differential etch rates. Increased temperature will alter the metal ion positions within the latticc, and hence may well influence etch rate. Figure 2 shows an Arrhenius plot of In (etch-rate), measured in .im per hour, versus I/absolute temperature, from which the linear gradient indicates no obvious departure from the expected Arrhenius law. Five temperatures from 210 C to 95° C were used, but at the highest value, the etch rate was sufficiently fast to completely etch through the sample, preventing a quantitative determination of etch rate. Figure 2 also indicates that at the highest temperature that can be used for boiling l-IF/HNO3, which is 110°C, an etch rate of-55p.m per hour is predicted. Figure 3 shows a typical result from poling then etching a macroscopically large lithographically patterned sample. The feature size was chosen to be of similar size to the diameter of an optical fibre (125fLrn). The SEM picture shows a snapped end of the LiNbO wafer, with etched structures that show a complementary nature: the -z face has been penodically inverted, so it is only this portion that will etch, hence the castellated' appearance. As a general observation, all structures produced via etching, and revealed on the -z face, display smooth walls, and vertical features. Under SEM examination, the smoothness persists at the highest resolution available with our SEM (-Snm). The implication here is that crystal planes are being revealed via this technique. Studies are in progress to confirm this, and to examine the effect of etch chemistry on crystal facet exposure. Features that have been poled and then etched include ndges, slots, circular, square and hexagonal holes, and single tips, and the interested reader is referred to a more complete list of examples .The tips are very sharp, (few atoms dimensions), and have immediate application in piezo-electrically addressed scanning probe microscopy. Work is in progress here to electrode the tips, and to use them for both AFM and SNOM (scanning near-field optical microscopy).
Etched structures

Fibre alignment grooves
APPLICATIONS
We can divide the applications areas into active and passive device construction. On the passive side, features in LINbO that facilitate fiber-pigtailing have been considered, and there is an immediate possibility to combine in a single lithographic patterning step, the specification and placement of optical waveguide stripes, and associated fibre alignment grooves. As etching proceeds. the facets produced can end in self-termination, or a much reduced rate of etching. This is of most use when (c) Domain orientation (d) Sawing in half selective etching Figure 4 . Schematic of alignment groove fabrication process. alignment grooves are required, and a schematic of the process used is shown in figure 4 . Figure 5 shows an SEM picture of a trial structure in which two fibres have been placed in the grooves produced by poling plus etching. It is noticeable that the top face (the non-inverted +z face) has not etched, while the inverted groove has. The depth is of order 6511m, compatible with the fibre diameter requirement outlined earlier. Fine tuning or trimming of precise etch characteristics can be accomplished via the temperature and etch concentration discussion earlier.
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Figure5. SEM close-up of two fibres glued into alignment grooves. Note the smooth unetched remaining +z face. Ridge waveguides have also been fabricated using the pole plus etch technique. Figure 6 above shows a plan view of guides with a range of widths varying from 2pm to 20pm. The guides were etched at 49°C to create ridges --10pm high. Without any further processing, these ridges would not support any guided modes, as leakage into the substrate would occur. Three different techniques were adopted to produce this lower guidance layer: ion-beam implantation, proton exchange, and titanium indiffusion. The latter method produced the best results, yielding losses of 0.8dB cm' for TE propagation in the first instance. The titanium indiffusion process followed the normal procedure adopted for fabrication of channel waveguides. 200nm of titanium was deposited onto the ridges, followed by heating of the sample to 1050°C for 10 hours in a dry 02 atmosphere. This produces a maximum refractive index increase in the diffused area of -0.01 . The guiding region was calculated to be approximately 5pm deep. Optical loss measurements were made at a wavelength of 1 3pm using a pigtailed laser diode. The light was butt-coupled into the end polished guides from a single mode fibre, and the polarisation was controlled by a fiber polarisation controller. Cutback measurements were made to distinguish between guide and launch loss, and any other passive losses. When measurements were attempted at the shorter He-Ne laser wavelength of 0.633 pm, photorefractive damage was observed, requiring post-annealing to restore the guides to their former low loss condition. Further details of these procedures can be found in existing published work 6 What had been established however was than structures of dimension --1cm by 1Oim2 could be produced, with very high surface quality. As will be described in the following section, free-standing cantilevers are now possible through use of an etch-stop substrate bonded onto prepoled LiNbO3.
DIRECT BONDING FOR ETCH-STOP STRUCTURES.
Direct bonding is a relatively well known technique for producing structures between often dissimilar materials when a composite is required perhaps in the form of a bonded planar waveguide 7or confined channel structure. For the case here, the etch-stop substrate was +z face oriented LiNbO3, which has been found to be resistant to the HF/HNO3 etch. The fabrication process is best described by a diagram, as shown in figure 8 below. The patterned sample was domain engineered as in previous examples, and then direct bonded onto a +z oriented unpatterned substrate. To ensure good bonding, the samples were thoroughly cleaned, then treated to render the surfaces hydrophilic. The mixture used was H202-NH4OH-H20 (1-1-6), followed by rinsing thoroughly in de-ionised water. The patterned sample was then brought into contact with the +z face of the unpattemed sample at room temperature. The samples were aligned with each other. Immediately after crystal contact they were heat treated at 1 20°C. The resultant electrostatic attraction forced any excess air or liquid from between the surfaces, while bringing them close enough to enable the formation of hydrogen bonds. This effect is confirmed by the disappearance of most of the interference fringes at the crystal interface. Finally annealing the sample at 320°C for 6 hours made the bond strong enough for further machining . After bonding the patterned half of the sample was polished to a thickness of -3Otm. Etching was performed at 90°C for 2 hours. At 90°C etching progresses at a rate of-2Otm/hour. Etching for longer than the 1 .5 hours required to remove 3Otm ensures a good test ofthe etchstop. The etchant was stirred constantly to ensure good mixing. Figure 9 shows results of etching, with the ridge still on the lower LiNb03 substrate. Although this example shows etchant having attacked the top surface of the ridge, the principle is clear. Figure 10 shows the result of detachment of the ridge, after the sample has been snapped. The etchant has clearly undercut the structure, allowing the production of thin,self-supporting micro-cantilever beams: this is the ideal format for testing the mechanical properties of such structures, and assessing methods for electrical connection. A final addition to this direct bonding technique involves the use of materials including LiTaO3, a ferroelectric with similar properties to LiNbO3, but which possesses the bonus of being much more resistant to HF+HNO3 etch.
microcantilever.
Figure 11 below shows a schematic of the proposed route for microcantilever fabrication. The procedure involves bonding of two previously patterned and poled substrates, followed by etching. The procedure is relatively straightforward, and is generic to fabrication of such three-dimensional structures.
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LASER ABLATIVE PATTERNING FOR SUB-MICRON FEATURE SIZES.
The final section concerns the use of laser machining of photoresist for subsequent poling plus etching. The aim here was to investigate the possibility of improvement of patterning definition and resolution, by avoiding the usual photolithographic patterning process. The laser used was a 500fs duration KrF amplified 248 nm pulse system, that produced an energy of-lOmi per shot. The procedure used a UV projection microscope at the FORTH laser centre in Crete, and required a gold-on-quartz mask placed inside the laser projection system, which had a demagnification of x 25. The patterns shown in figure 12 are of laser ablated triangles in the photoresist coated sample. 20 shots were used per exposure, in an attempt to remove the photoresist cleanly and progressively. The pattern was stepped and repeated to cover a large fraction of the sample surface. It is clear that the etched structures in figure 13 are very precise, despite the less than perfect results shown in figure 12. This is a very useful side-effect of the poling technique whereby the crystal symmetry (hence the use of triangles) can assist the poling process, and render a certain degree of tolerance to the initial mask used. Of note here is the fine scale to which features have been recorded. Under higher SEM resolution, <I .tm width features are observed.
The next step in this laser ablative photoresist removal process is to try large area removal of a specific pattern, rather than the initial step-and-repeat trials. What is impressive here is the complete absence of etch damage on the faces in figure 13 . This leads the way to consider direct bonding of two such samples, for fabrication of microcavities and ultimately membranes and pumped volumes, and this will be one of our next steps.
CONCLUSIONS
Although LiNbO3 has so far not been considered in the context of MEMS or other microstructural applications, it is hoped that the results shown here, when combined with its inherent mechanical, optical and other properties will arouse interest within the MEMS community. Silicon has been investigated in infinitely greater detail than LiNbO3. with the result that existing MEMS devices are uniquely fashioned from this material. If functionality is considered however, then a matenal such as LiNbO3 has a lot to offer. We intend to demonstrate these intrinsic benefits shortly, when our first attempts at movable, functioning devices are realized.
132
Figure 12. Laser ablated photoresist coated sample
